Ovarian cancer originates mainly from surface epithelial cells, which are potential targets of estrogen action. Using immunohistochemistry and RT-PCR analysis, aromatase (estrogen synthetase) can be detected in human ovarian surface epithelial tumors. In this study, we functionally characterized the aromatase expressed in a primary cell culture, normal human ovarian surface epithelial (HOSE) 17. The apparent K m and V max values were determined to be 5.8 Ϯ 0.5 nM, and 0.3 Ϯ 0.0 pmol/mg⅐h, respectively. The aromatase activity in HOSE 17 cells can be induced effectively by phorbol esters and forskolin, suggesting that estrogen biosynthesis in HOSE 17 cells is mainly regulated through protein kinase C-and protein kinase A-mediated mechanisms. Exon I-specific RT-PCR revealed that phorbol esters predominantly up-regulated promoter II. Whereas forskolin treatment increased exon I.3A-containing messenger RNA, the aromatase activity remained low in the cells treated with this agent. In vitro transcription/translation analysis using plasmids containing T7 promoter and the human snail gene (SnaH) as a reporter capped with different untranslated exon Is revealed that exon PII-containing transcripts were translated more effectively than exon I.3-containing transcripts. These findings explain why aromatase activity is higher in cells with the PII-containing transcripts than is cells with the I.3-containing transcripts. Our results indicate that aromatase is functionally expressed in human ovarian surface epithelial cells and its expression is regulated at both the transcriptional and translational levels. (J Clin Endocrinol Metab 85: 4889 -4899, 2000) O VARIAN CANCER, THE fifth most common cancer in women in United States (1), remains a difficult cancer to treat in that the mortality rate has not improved in the past few decades (2). The ovary consists of three types of cells: surface epithelial, sex-cord stromal, and germ cells. The vast majority of ovarian cancers originate from the surface epithelial cells. Several epidemiological studies suggest that local production of estrogen is associated with the development of ovarian cancer. It has been found that women taking oral contraceptives have a lower risk of developing ovarian cancer (3), possibly as a result of a negative feedback mechanism that suppresses the local production of estrogen through gonadotropins. On the other hand, women who take antiestrogen to stimulate ovulation (usually clomiphene) have an increased risk factor for ovarian cancer (4), possibly as a result of a positive feedback mechanism that increases the local production of estrogen. It is also well known that women who have a history of breast cancer have a much higher risk of developing ovarian cancer and women who have a history of ovarian cancer have a higher risk of developing breast cancer (5). Estrogen is known to play an important role in promoting breast tumor growth. These findings strongly indicate that localized estrogen formation may be important in the development of ovarian cancer. Recently, Lau et al. (6) have reported the coexpression of estrogen receptor ␣ (ER␣) and ER␤ messenger RNA (mRNA) in several normal human ovarian surface epithelial (HOSE) cell lines (including HOSE 17) and the disruption of ER␣ mRNA expression in most ovarian cancer cells. However, a definitive correlation of estrogen formation and the development of ovarian cancer has not yet been established.
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Aromatase (cytochrome P450 aromatase or P450 arom ) is the enzyme that synthesizes estrogen. As part of maintenance of normal physiological function, this enzyme is expressed in several normal human tissues, such as ovary, placenta, testis, skin, adipose, bone, and brain (7) (8) (9) (10) . Aromatase is expressed pathologically in some tumor tissues, such as the great majority of human breast (11) , some of ovarian (12) and endometrial cancers (13) . One type of sex-cord stromal cell in the ovary, granulosa cell, is the major source of estrogen biosynthesis in premenopausal women. Whereas aromatase expression in ovarian surface epithelial tumors has been demonstrated by several methods (12, 14, 15) , the catalytic properties and the control of the expression of aromatase in ovarian surface epithelial cells are not known.
We recently detected and measured aromatase activity in a primary HOSE cell line that is derived from the ovary of a 28-yr-old woman. As the first step toward developing an understanding of the role of aromatase in HOSE cells, we functionally characterized the enzyme expressed in this primary cell culture. We have found that phorbol 12-myristate 13-acetate (PMA), a phorbol ester, is an important inducing agent for the expression of aromatase in this cell. Furthermore, by RT-PCR, we have evaluated the exon I/promoter usage associated with aromatase expression in HOSE cells. We report the detection of the differences in the translatability of transcripts with different untranslated exons I us-ing an in vitro transcription/translation system. These results are discussed. 
Materials and Methods

Cell culture
The HOSE 17 cell line was derived from surface scraping of the normal ovary of a 28-yr-old woman. The cells can be maintained in vitro for approximately four to five passages and have been characterized (16, 17) . HOSE 17 was cultured in growth medium containing a 1:1 mixture of MCDB 105 and M199 (Sigma) supplemented with 10% (vol/vol) heat-inactivated FCS (Gemini, Calabasas, CA) and 1ϫ Fungi-Bact Solution (Irvine Scientific, Santa Ana, CA), including 100 U penicillin G/mL, 100 g streptomycin sulfate/mL, and 0.25 g Amphotericin/mL.
Aromatase assay
Aromatase activity was determined by a modification of the tritiated water method of Thompson and Siiteri (18) , using [1␤-
3 H]androst-4-ene-3,17-dione as substrate (specific activity, 28.5 Ci/mmol). In the "Incell" aromatase assay, the cells were washed twice with PBS, and 1 mL serum-free medium containing 100 nm [1␤-
3 H] androstenedione as well as 500 nm progesterone (used to suppress the endogenous 5␣ reductase that also consumes the androgen substrate) was added to each well. After a 5-h incubation at 37 C, the reaction mixture was removed and extracted with an equal volume of chloroform. The mixture was then centrifuged at 100 ϫ g for 10 min, and the aqueous upper layer was mixed with charcoal-dextran to remove any trace amount of unreacted substrate. In the second extraction, the sample was vortexed and subsequently centrifuged at 15,000 ϫ g for 5 min. Supernatant aliquot was counted in a liquid scintillation counter. Aromatase activity was calculated as pmol/mg protein/h. Protein concentrations were determined by the Bradford method (19) .
In dose-response experiments, cells were plated on Corning 6-well plates (Corning, Inc., Corning, NY) in the medium. When ϳ60 -75% confluent, they were refed with the medium containing 0.25% (vol/vol) DMSO vehicle (control), PMA at 0.01-50 nm, forskolin at 0.5-100 m, or DEX at 0.1-200 nm, and then incubated for 24 h. At the end of the preincubation, the cells were assayed for aromatase activity.
Reaction intermediate analysis
The assay was performed using [1␤-3 H] androstenedione (specific activity, 20.0 Ci/mmol) as a substrate. The reaction media were extracted with an equal volume of chloroform. A 500-L aliquot of the chloroform phase containing steroid intermediates was withdrawn, and the solvent chloroform was removed by centrifugation under vacuum. The residue was dissolved in 100 L acetonitrile and a 50-L aliquot mixed with 10 L internal standards (the concentration of each internal control was 200 m). The reaction intermediates were separated by reverse phase highperformance liquid chromatography on a C 18 column (218TP54; VYDAC, Hesperia, CA), using a solvent system of acetonitrile:water (25:75, vol/vol) at a flow rate of 1 mL/min. Two-milliliter fractions were collected manually, and 500-L aliquots were counted in 3 mL ScintiSafe 30% (Fisher Scientific, Pittsburgh, PA). The retention times of 19-hydroxy-4-androstene-3,17-dione(19 ol A), 4-androsten-19-al-3,17-dione(19 al A), 19-nor-4-androstene-3,17-dione(19 nor A), and androstenedione were detected based on the internal standards' absorbance at 214 nm and eluated at 9.1 min, 20.8 min, 44.0 min, and 66.8 min, respectively. The radioactivity associated with each peak was used to calculate the amount of each steroid. The level of the product estrone was estimated from the amount of tritiated water formed.
RNA isolation, RT-PCR, and Southern blot analysis
For total cellular RNA isolation, HOSE 17 cells were incubated for 24 h in growth medium containing DMSO (0.25%) or each compound alone or in combination. The cells were then harvested from a 175-cm 2 tissue culture flask with a scraper. RNA was isolated from the cultured cells using a procedure described in unit 7.12 of Molecular Cloning: A Laboratory Manual, Second Edition (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY). After extraction, RNAs were quantified by measuring their absorbance at 260 and 280 nm.
Exon I primer-specific RT-PCR was shown to be a useful tool for examining the alternative usage of aromatase gene exon Is/promoters in aromatase-expressing tissues (e.g. Refs. 20 and 21). We synthesized seven oligonucleotides including 1a, 1c, 1b, 15, N69, 1d, and 2a with the sequences indicated in the studies by Harada (20) , Toda et al. (22) , and Shozu et al. (23) . These primers have sequences derived from exons I.1, I.3, I.4, I.5, I.6, PII, and II, respectively. A reverse primer (2d) with a sequence derived from exon II and situated downstream from 2d was also synthesized and used.
For RT-PCR, 2 g total RNA was reverse-transcribed by Superscript II (Life Technologies, Inc., Gaithersburg, MD) using random primer (Life Technologies, Inc.) in a concentration of 50 ng/L. The 2.5 L complementary DNA (cDNA) was subjected to PCR amplification in a 25-L reaction containing 20 mm TrisHCl (pH 8.3), 50 mm KCl, 15 mm MgCl 2 , 0.2 mm dNTPs, 12.5 pmol of each primer, and 5 U of AmpliTaq (PerkinElmer Corp., Norwalk, CT). PCR was performed for 25 cycles for semiquantitative analysis using the following temperature profile: 51 C, 1 min (primer annealing); 72 C, 2 min (primer extension); and 94 C, 1 min (denaturation). An additional extension cycle was performed for 5 min at 72 C before cooling the reaction mixture to 4 C. Because all aromatase mRNA contain exon II regardless of which exon I is present, PCR for each exon I was performed with a unique exon I primer and exon II reverse primer, 2d. As a control, we performed PCR using primers 2a and 2d to amplify the exon II region. Furthermore, we performed PCR using a set of human ␤-actin-specific primers, ␤-actin1 (sense 5Ј-AGGAGCACCCCGTGCTGCTGA-3Ј) and ␤-actin2 (antisense 5Ј-CTAGAAGCATTTGCGGTGGAC-3Ј), to amplify the human ␤-actin gene, which served as an internal control to normalize aromatase mRNA expression under each condition.
The amplified products were subjected to electrophoresis on 1.5% agarose gel and blotted on Zetaprobe membranes (Bio-Rad Laboratories, Inc. Hercules, CA). The membranes were hybridized with exon IIspecific probe that corresponds to the middle of exon II (5Ј-ATGGTTT-TGGAAATGCTGAA-3Ј). The oligonucleotide was labeled with [␥-32 P]ATP by T4 kinase and purified with a STE select-D G-25 spin column (5 Prime-3 Prime, Inc., Boulder, CO). The conditions of hybridization were according to the Bio-Rad Laboratories, Inc. instruction manual. For quantification, the membranes were exposed to a PhosphorImager (Molecular Dynamics, Inc., Sunnyvale, CA).
Precaution was taken to make sure that our RNA preparation did not contain genomic DNA. The RNA preparations were treated with RNasefree DNase. In addition, a control, such as PCR analysis with RNA without treating with RT, was performed to assure ourselves that the PCR products were derived from aromatase mRNA. PCR was performed at nonsaturating conditions for 25 cycles. This allowed us to compare the relative usage of different exons I in RNA from the same sample. It has been shown that with 25 cycles, product accumulation was exponential (21) . In addition, the quantity of PCR products generated with 25 cycles of PCR increases in an aromatase mRNA concentrationdependent manner (21) and reconfirmed in this study (Fig. 1) .
In vitro transcription/translation
A 795-bp SnaH cDNA (GenBank accession no. AF125377) was generated by PCR and subcloned into pSG5 at the BamHI site at the 5Ј end and BglII site at the 3Ј end in the sense direction with T7 promoter as a reporter gene. Untranslated regions (UTRs) of pII, I.3A, I.3B, I.6H, and I.6L (117, 344, 243, 965, and 167 bp in length, respectively), followed by the 38-bp UTR sequence just upstream of aromatase gene start site (i.e. UTR in the exon II of the human aromatase gene), were generated by PCR and were inserted just upstream of SnaH cDNA in the vector at the BamHI site (see Fig. 8 ). The correct orientations and sequences of those fragments in the vector were confirmed by both restriction digestion and direct DNA sequencing. Human snail protein was synthesized in vitro using the TNT-coupled reticulocyte lysate system (Promega Corp., Madison, WI) with T7-RNA polymerase, according to the manufacturer's instructions, using an optimal plasmid concentration of 1 m and an incubation time of 40 min at 30 C. These conditions were selected so that the yield of the translation product, as calculated by [ 35 S] methionine incorporation, would be on the linear part of the translation curve (data not shown). The expressed protein was separated on 15% SDS-PAGE. After the gels were dried, the expressed protein was visualized by autoradiography on Kodak BioMax film (Eastman Kodak Co., Rochester, NY) and quantified using a Phosphorimager, as described above.
DNA sequencing
PCR products were subcloned into pSG5 or pCR2.1 vector (TA-cloning kit, Invitrogen, Carlsbad, CA) and sequenced using the dideoxy sequencing method (sequencing kit, version 2.0; Amersham Pharmacia Biotech, Cleveland, OH), according to the manufacturer's instruction.
Statistical analysis
The results were analyzed by Student's t test. Results were considered significant when the P value was less than 0.05.
Results
Kinetic analysis of aromatase in HOSE 17 cells
Aromatase activity in HOSE 17 cells was measured by an "In-cell" 3 H-water release method. The K m and V max values were determined to be 5.8 Ϯ 0.5 nm and 0.3 Ϯ 0.0 pmol/mg⅐h, respectively (Fig. 2) . The K m value was approximately one sixth of that of Chinese hamster ovary (CHO) cell expressing human placenta aromatase (24) ( Table 1) . Aromatase activity in these cells was further confirmed by reaction product analysis (see below).
Because the kinetic parameters of aromatase activity in HOSE 17 cells are significantly different from those in human placenta (18, 24) , it was thought that the aromatase enzyme in HOSE 17 cells might be different from that in placenta. Aromatase isoforms have been identified in goldfish (25, 26) and pig (27, 28) . To investigate whether another aromatase form exists in HOSE 17 cells, we sequenced two parts of aromatase cDNA in HOSE 17 (56% of total coding sequence). Total RNA was extracted, and RT-PCR was performed using two sets of primers for the human placenta aromatase cDNA, exon II-Iv: II top (sense 5Ј-GCGGAACACAAGATGGTTT-TGG-3Ј), V top (antisense 5Ј-GTCGACAGGCCGGGGCCT-GACAGAG-3Ј), and for aromatase exon VI-VIII: V end (sense 5Ј-TAGATGAGGATCCCTTTGGACG-3Ј), IX top (antisense 5Ј-GGTACCATCTTTATGTCTCTCTCAC-3Ј). These primers were derived from regions that are conserved, but with subtle differences, among human and porcine aromatase isoforms. The two PCR products were subcloned into the pCR2.1 vector and sequenced as described in Materials and Methods. We found that the sequences of the RT-PCR products match completely with those of human placenta aromatase, indicating that HOST 17 cells express an identical aromatase protein as that in placenta. Only one aromatase protein in human has been identified so far. Although it is unlikely, we cannot totally eliminate the possibility that an aromatase isoform that is significantly different from placenta aromatase is present but could not be amplified with the primers used here.
Reaction intermediate/product analysis has revealed that significantly more 19-al androstenedione (19-al A) , by a comparison with the level of estrone, is produced by aromatase in HOSE 17 cells than human placenta aromatase (Table 2) . Estrone (114.7 pmol) and 0.20 pmol 19-al A (less than 1/500 amount of the formed estrone) were generated by the CHO cell-expressing human placenta aromatase when the assay was performed with a 1-h incubation in the presence of 50 nm androstenedione, similar to that measured with human placental microsomes (20) . On the other hand, 1.36 pmol estrone and 0.74 pmol 19-al A (approximately, a half of estrone formation) were generated by HOSE 17 cell-expressed aromatase when the assay was performed with a 5-h incubation in the presence of 200 nm androstenedione. The production of excess 19-al A or noneffective conversion of androgen to estrogen in HOSE 17 cells may be due to a disproportionate action of aromatase and cytochrome NADPH-P450 reductase. It has been previously shown that metabolic ratio is a sensitive indicator of aromatase-cytochrome P450 reductase interactions in the microsomal environment (29) . The results of this reaction intermediate analysis further confirm that aromatase is expressed in HOSE 17 cells.
Aromatase activity in HOSE 17 cells treated with PMA, forskolin, and DEX
A complex mechanism is involved in the control of human aromatase expression. Seven untranslated exon Is in the human aromatase gene have been reported. It is thought that aromatase expression in different tissues is driven by the promoters situated upstream from these exon Is, providing tissue-specific control of aromatase expression. Aromatase expression in human tissue is regulated by several hormones and chemicals, such as cAMP, glucocorticoids, and phorbol esters. Different promoters respond differently to these agents.
To evaluate the effects of these agents on aromatase activity in HOSE 17 cells, the cells were incubated for 24 h in media containing 10% serum and six different concentrations of PMA (a phorbol ester), forskolin (an inducing agent for cAMP synthesis), or DEX (a glucocorticoid). Dose-response studies of the induction of aromatase by these agents were performed (Fig. 3) . PMA stimulated aromatase activity maximally at a concentration of 4 nm, and the activity decreased at higher concentrations. Shozu et al. (30) also found a biphasic response of PMA on aromatase expressed in THP-1 cells and suggested that the decrease in aromatase activity might be attributed to a desensitization phenomenon. Phorbol ester inhibits protein kinase C activity at the higher concentration (31) . The maximal activity with 4 nm PMA was ϳ130-fold higher than that detected in the untreated cells. Both forskolin and DEX also stimulated aromatase activity. However, the inductive effects were significantly weaker than that of PMA. These results indicate that, among the three agents, PMA is the strongest inducing agent of aromatase activity or expression in HOSE 17 cells.
Combined effects of PMA, forskolin, and DEX on aromatase activity in HOSE 17 cells
As can be seen in Fig. 4 , forskolin significantly facilitated the stimulatory action of PMA on aromatase activity. The inductive effect of PMA plus forskolin on aromatase activity in HOSE 17 cells was synergistic (i.e. the activity induced by PMA plus forskolin was significantly higher than the sum of individual activities induced by PMA and forskolin). In contrast, DEX did not facilitate the stimulatory action of PMA on aromatase activity. The effect of PMA plus DEX (as well as forskolin plus DEX) seems to be additive. These findings with HOSE 17 are different from the results seen with THP-1 cells, in that forskolin inhibits the stimulatory action of PMA and DEX facilitates the action (30) . Interestingly, the activity in response to PMA plus forskolin plus DEX was lower than that in response to PMA plus forskolin and almost the same as that in response to PMA plus DEX. This result indicates that DEX suppresses the stimulatory action of PMA plus forskolin.
To further evaluate the stimulatory action of forskolin on the increase of aromatase activity by PMA, the cells were incubated in media containing six different concentrations of forskolin and 1.3 nm PMA for 24 h. As can be seen in Fig. 5 , the aromatase activity increased in a dose-dependent man- ner with forskolin in the range of 0 -33 m. At 1.3 nm PMA and 13 m forskolin, the activity was significantly higher than an additive action of individual treatments of 1.3 nm PMA and 13 m forskolin. However, the aromatase activity was not affected at a low concentration of forskolin (i.e. 0.7 m).
Combined effects of PMA, forskolin, and DEX on aromatase mRNA level in HOSE 17 cells
To understand the mechanism of the stimulatory action of PMA plus forskolin on aromatase activity, the cells were incubated under the same conditions as described previously, and then the total cytoplasmic RNA was extracted. We have examined the level of aromatase mRNA by semiquantitative RT-PCR with the procedure described in Materials and Methods, using a set of primers (2a and 2d) that are derived from exon II of the human aromatase gene. We also amplified ␤-actin mRNA as an internal control to normalize the level of aromatase gene expression. It has been found that, with few exceptions, the relative aromatase mRNA levels (Fig. 6A ) correlate with the relative activity levels (Fig. 4) . We have performed three independent sets of experiments in which HOSE 17 cells were treated with different agents, and we have done three independent RT-PCR Southern experi- Fig. 6A . We found that the mRNA level in response to forskolin was very high. This pattern was not consistent with that in the activity measurement. The aromatase activity in forskolin-treated cells was enhanced only moderately (see Fig. 4 ). Although the increase fold of the aromatase activity and that of aromatase mRNA for PMA-treated cells were comparable, there was a significant difference between the increase fold of the aromatase activity and mRNA for forskolin-treated cells (P Ͻ 0.05).
We have also performed exon I-specific RT-PCR to examine exon I/promoter usage under each treatment condition (Fig. 6, B and C) . Promoter II-driven transcripts were dominant in cells treated with PMA alone or PMA plus forskolin. Promoter II-driven transcripts were always dominant when PMA was included in the treatment. On the other hand, in response to forskolin, promoter I.3-driven transcripts (I.3A mainly) were dominant, followed by those driven by promoters II (i.e. pII) and I.6 (i.e. I.6H1). In the presence of DEX, promoter I.4-driven transcripts were stimulated and also, to a small extent, promoter I.1 was used. It should be noted that the major portion of the RNA messages in response to forskolin were unspliced forms, I.3A and I.6 H1, that include the upstream region from exon II (molecular nature of these exon Is see Fig. 8 ). By comparing results shown in Figs. 4 and 6B, it is thought that relative aromatase activity in HOSE 17 cells correlates with the relative level of promoter II-driven transcript better than total mRNA level.
It should be noted that theoretically RT-PCR using primers 1d and 2d can amplify not only promoter PII-driven transcripts but also unspliced promoter I.3-and I.6-driven transcripts (i.e. I.3A and I.6H1, respectively). It is also possible that RT-PCR using primers 1c and 2d can amplify promoter I.3-driven as well as promoter I.6-driven transcripts. Therefore, we evaluated the usage of aromatase gene promoter II by subtracting the intensity of the I.3A signal from that of PII in Southern blots. To evaluate the usage of promoter I.3, we subtracted the intensity of the I.6 H1 signal from that of I.3A.
Effects of the 5Ј UTRs on the translation of aromatase mRNA
The results that forskolin-treated cells have a high level of both I.3A-and I.6H1-containing message, but a low level of aromatase activity (shown in Figs. 4 and 6B) suggest that the translational efficiency of aromatase transcript could be affected by the alternatively spliced 5Ј UTRs. To test this hypothesis, pSG5 expression constructs containing each alternatively spliced UTR sequence inserted immediately upstream from the sequence encoding human snail protein were prepared for use in an in vitro translation assay (Fig. 7) . The reason to choose this protein instead of aromatase as the reporter protein is that it is smaller than aromatase and expressed as a stable and soluble form,, whereas aromatase is a membrane-bound protein. The coupled reticulocyte lysate system allowed transcription using a T7 promoter and then translation of human snail protein from the AUG start site. Considering the fact that the promoter regions in all pSG5 constructs were not modified, the transcriptional efficiency of the cDNA constructs should be theoretically equal when in vitro transcription/translation reactions are started with equimolar amounts of the cDNA constructs. This has been confirmed by Chopra et al. (32) . We used the construct without any 5Ј UTR as a positive control and the construct without snail cDNA as a negative control. The translation products from all of six cDNA constructs were separated by SDS PAGE. The products were quantified with a PhosphorImager, and the results expressed as a percentage of the positive control (Fig. 7) .
The level of the product obtained from translation of the construct with pII was the highest of all, followed by the positive control, then with I.6L, I.3B, I.3A, and I.6H1. Except for the positive control, this is in the same order as that of the lengths of each 5Ј UTR, starting with the shortest. The translational efficiency of the constructs containing I.3A and I.6H1 were ϳ6.7% and 0.8% of the construct containing pII. To rule out the possibility that splicing may happen in this system, we performed RT-PCR on the in vitro transcription/translation reaction mixtures with a set of exon I-specific primers after treatment with DNase I. The spliced transcripts, I.6L or I.3B, were not detected in the reaction. This result supports the hypothesis that promoter II-driven transcript is translated more efficiently than the unspliced forms of transcript driven by promoter I.3 and I.6, including I.3A and I.6H1.
Discussion
Ovarian surface epithelial tumors account for 60% of all ovarian neoplasms and 80 -90% of primary ovarian malignancies (33, 34) . A number of epidemiological studies suggest that endocrine factors play an important role in the development of ovarian surface epithelial malignancies (3, 4) . Although high levels of gonadotropins in women in early postmenopausal have been postulated to play a role, there has been no conclusive evidence regarding a correlation between local estrogen level and the development of ovarian surface epithelial malignancies. In addition, although studies on aromatase expression in ovarian surface epithelial tumors have been published (12, 14, 15) , there have been no report as to whether aromatase is expressed in normal HOSE cells.
In this study, by directly measuring the aromatase activity, we have demonstrated that normal HOSE cells are capable of synthesizing estrogen. The levels of the activity are similar to those measured by Noguchi et al. (14) in ovarian epithelial tumors. Thompson et al. (35) first reported the aromatizaton of testosterone by epithelial tumor cells cultured from patients with ovarian carcinoma. It was concluded that at least Fig. 6B ) for 24 h, and then total RNA was isolated. A 2-g aliquot of total RNA was subjected to RT-PCR-Southern analysis, as described in Materials and Methods. The ␤-actin transcript was amplified by the same method as an internal control. B, Effects of PMA, forskolin, and DEX on exon I/promoter usage of aromatase gene in HOSE 17 cells. The cells were incubated in media containing the stimulants for 24 h, and then total RNA was isolated. A 2-g aliquot of total RNA was subjected to exon I-specific RT-PCR-Southern analysis, as described in a portion of ovarian adenocarcinoma possess sufficient aromatase activity to convert ovarian stromal androgen to estrogen. Two other groups have demonstrated the presence of aromatase in ovarian surface epithelial neoplasms by aromatase assay, immunocytochemistry and RT-PCR analysis. Kitawaki et al. (12) detected aromatase activity and reported that aromatase was immunohistochemically localized in the cytoplasm of neoplastic cells in both benign and malignant ovarian epithelial tumors. However, Kaga et al. (15) demonstrated aromatase immunoreactivity in the stromal cells adjacent to the carcinoma and also at the site of flank invasion in ovarian cancer. The reasons for the difference between the two immunohistochemical studies are not currently understood. Differences in immunostaining of aromatase in breast tumors were also observed and thought to be due to the fact that different antibodies were used. Immunocytochemical analysis from our laboratory first identified the presence of aromatase in breast cancer epithelial and stromal cells (36) , whereas others had reported the presence of aromatase only in the stromal tissue (37, 38) . Our findings have been recently confirmed by independent in situ hybridization studies and cell proliferation assays showing that aromatase is expressed in breast cancer epithelial cells (39) .
The HOSE 17 cell line is a primary cell culture derived from the normal ovary of a 28-yr-old woman, and, therefore, it may more closely resemble normal cells than the established ovarian cancer cell lines. To determine the regulatory mechanism of aromatase activity in HOSE 17 cells, we have found that phorbol esters such as PMA are important inducing agents, and forskolin can facilitate the inductive action of phorbol esters. Although the basal aromatase activity in HOSE 17 cells is similar to that measured in ovarian epithelial tumors, the activity can increase greatly in the presence of PMA and forskolin. Phorbol esters such as PMA are potent tumor promoters that exert biological effects by the activation of protein kinase C (40) . PMA has been shown to be a potent stimulator of aromatase activity in placenta (41) as well as in MCF-7 cells (42) . Forskolin activates adenylate cyclase, resulting in the induction of the formation of cAMP. The activators of the protein kinase A pathway stimulates aromatase activity in granulosa cells and adipose stromal cells (43, 44) , whereas they inhibit it in THP-1 cells, even in the presence of PMA (30) . Aromatase activity was also stimulated synergistically by PMA plus forskolin in breast cancer cell lines, MCF-7 cells (42), but not in THP-1 cells. DEX is a synthetic glucocorticoid that stimulates aromatase expression in adipose stromal cells, but not in granulosa cells (43) . Aromatase activity in HOSE 17 cells could be stimulated by DEX alone, and the synergistic action by PMA plus forskolin was inhibited by DEX. Therefore, aromatase activity in HOSE 17 cells is regulated differently from that reported in other tissues. It should be pointed out that the results generated with the HOSE 17 cell line may be specific for this cell line. We plan to extend our studies to other HOSE cell lines and will compare the results generated with other cell lines to the HOSE 17 cell line. We have recently performed RT-PCR analysis on RNAs isolated from 10 HOSE cell lines and found that aromatase is expressed in all of these cell lines (our unpublished results). These cell lines contain mainly promoter II-, promoter I.3-, and promoter I.1-driven transcripts. The basal aromatase activity in these 10 cell lines is lower than that in the HOSE 17 cell line. The regulatory mechanism of the expression of aromatase in these cell lines has not yet been determined.
Previous studies from our and other laboratories have revealed that, in human, different aromatase gene promoters respond to PMA, forskolin, and DEX differently. Promoters I.1, I.3 and II, and I.4 mainly respond to phorbol esters, forskolin, and DEX, respectively. We observed that switching of exon I/promoter usage occurred in HOSE 17 cells in response to these chemicals. In the nonstimulated conditions, the major utilization was an unspliced form of transcript (I.3A) (Fig. 6B) . Under forskolin stimulation, promoter I.3-driven unspliced transcripts (i.e. I.3A) were dominant, followed by those driven by promoter II and I.6. A cAMPresponse element upstream from promoter I.3 was recently identified in our laboratory (45) . However, it remains unclear why the splicing at the downstream region of exon I.3 does not occur. In the presence of PMA, promoter II-driven transcripts were the major transcripts, not promoter I.1-driven transcripts, and were augmented by forskolin. These results suggest that a PMA-response element is present near promoter II. The molecular mechanism of the stimulatory action of forskolin on PMA induction is not yet determined. DEX induced promoter I.1-and I.4-driven transcripts to a small extent and inhibited promoter II-and I.3-driven transcripts that were stimulated by PMA and forskolin, respectively. It should be noted that DEX inhibits cell growth in breast cancer cell lines (46) in contrast to the effects of both PMA and forskolin. In fact, DEX inhibited the cell proliferation in HOSE 17 cells (data not shown).
In our study, we observed two PCR products with different sizes (i.e. I.3A/I.3B, I.6 H1/L) when we used primers derived from exon I.3 (i.e. 1c) or exon I.6 (i.e. N69) and a reverse primer from exon II (i.e. 2d). The presence of exon I.3A and I.3B has been already reported (21) . The sequence of I.3A has been shown to be an unspliced variant of I.3B, and we confirmed both I.3A and I.6H1 by direct DNA sequencing of the PCR product that both of them are unspliced transcripts (results not shown). We have ruled out the possibility that the unspliced forms result from genomic DNA contamination because no PCR products were formed in the absence of RT. Furthermore, if these unspliced forms were due to genomic DNA contamination, we would expect that I.3A-and I.6H1-containing messages in each sample would be present at similar levels in each treatment. Although we detected only two different PCR products of promoter I.6-driven transcripts (I.6H1/I.6l), Shozu et al. (23) detected five products of different sizes. They concluded that these alternatively spliced variants of promoter I.6-driven transcripts appeared to occur in a higher proportion of aromatase gene transcripts in malignant cell lines than in primary culture cells.
Considering the findings that forskolin treatment increased the level of both exon I.3A-and I.6H1-containing transcripts and moderately enhanced aromatase activity, we propose that RNA messages containing these exon Is (i.e. I.3A and I.6H1) are not translated effectively. Our hypothesis is supported by the results from in vitro transcrption/translation studies (see Fig. 7 ). Alternative usage of exon Is affects translational efficiency. Initiation of translation in eukaryotes can be influenced by some aspects of mRNA structure [such as the m7G cap (47)], the context surrounding the AUG codon, the position of AUG codon, leader length, and secondary structure (48) . We have pointed out that the translation efficiency is in the same order as that of the lengths of each 5Ј UTR, starting with the shortest exon I (i.e. PII), except the positive control. Furthermore, a scanning mechanism for initiation may explain our results partially. Our study used SnaH gene as a reporter that does not have the consensus sequence for initiation of translation surrounding the AUG codon. We have searched open reading frames (ORFs) in each aromatase 5Ј UTR. There are 1, 3, 3, 4, and 13 ORFs in PII, I.6L, I.3B, I.3A, and I.6H1, respectively, and there is no ORF that overlaps with the coding sequence (Fig. 8) . These ORFs could reduce the initiation efficiency of translation at the proper start site (49) . In addition, the rate of translation may be affected by the formation of a stable secondary structure in 5Ј UTRs. We used the SEQWEB version 1.1 (Genetics Computer Groups, Inc., Madison, WI) program to predict free energy as the stability of the secondary structure in the 5Ј UTR of each exon I-containing transcript. The analysis revealed that the secondary structure of PII containing transcript is most unstable (⌬G ϭ Ϫ25.9 kcal/mol), followed by I.6L (⌬G ϭ Ϫ40.1 kcal/mol), I.3B (⌬G ϭ Ϫ50.3 kcal/mol), I.3A (⌬G ϭ Ϫ77.5 kcal/mol), and I.6H1 (⌬G ϭ Ϫ227.1 kcal/ mol). This analysis also supports our findings on the relative translation efficiency of different exon I-containing transcripts. Whereas the results from the in vitro transcription/ translation studies cannot adequately explain the results as to why exon PII usage did not correlate well with the aromatase activity in samples treated with forskolin only or treated with PMA plus DEX (cf. Figs. 4 and 7) , the results do support the conclusion that aromatase expression can also be regulated at the translational level.
In summary, our results indicate that functional aromatase is expressed in normal HOSE cells and the aromatase activity is induced in a cooperative fashion by PMA and forskolin, suggesting transcriptional regulation through the PKC and PKA pathways. Furthermore, our in vitro transcription/ translation studies reveal that aromatase expression can also be modulated at the translational level. Although several epidemiological studies support the hypothesis that local production of estrogen is associated with the development of ovarian cancer, the exact mechanism is not yet known. We have observed that aromatase gene promoter/exon I switching occurs by comparing promoter/exon I usage in ovarian surface epithelial neoplasms and that in normal HOSE cell lines (our unpublished results), suggesting that aromatase expression in ovarian cancer is regulated differently from that in normal HOSE cells. Furthermore, Lau et al. (6) have reported that ER␣ and ER␤ mRNA are present in normal HOSE cells and the transcription of ER␣ is disrupted in most ovarian cancer cells. These results indicate that the regulation of the synthesis and the molecular action of estrogen in normal HOSE and cancer tissue are different. Further investigations are needed to evaluate the function of ERs and the affect of in situ estrogen formation on the proliferation and transformation of ovarian surface epithelial cells.
